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FOREWORD 
The  research  described  in  this  report was conducted by the  Allison 
Division of General  Motors  under NASA contract NAS 3-7902. M r .  Richard J. 
Roelke, of the NASA Lewis  Research  Center  Fluid  System  Components 
Division, was the Program Manager. The report was originally issued as 
Allison Division, General Motors EDR 4909, Volume VI. 
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EXPERIMENTAL INVESTIGATION O F  ADVANCED CONCEPTS 
TO INCREASE TURBINE BLADE LOADING 
VI. PERFORMANCE EVALUATION O F  
MODIFIED TANDEM ROTOR BLADE 
by H. G. Lueders 
Allison Division, General Motors 
SUMMARY 
The  performance of a single-stage  turbine  with a modified  tandem  rotor 
blade  was  investigated  over a range of equivalent  speeds and  expansion  ratios. 
Based on tests  conducted  in a two-dimensional  cascade,  the  leading  edge of 
the aft airfoil of the  original  tandem  blade  was  altered so  that  the  slot  between 
the blades converged from inlet to exit. The cascade tests indicated a signi- 
ficant gain in performance resulting from this modification. The results of 
this  investigation  are  compared  with  the  performance of the  original  tandem 
rotor blade. Both rotors were tested with the same stator. 
The  modified  tandem  rotor  was  generally  more  efficient  than  the  original 
blade over the range of speeds and expansion ratios investigated. The modifi- 
ed  tandem  rotor  exhibited  an  efficiency of 89 .4  percent  at  design  speed and ex-  
pansion ratio. This is 1. 8 points higher than the original tandem blade. 
Both turbines  had  very  similar  weight flow  and reaction  characteristics; 
however,  both  rotors  had a larger  degree of negative  reaction  than  the  design 
value. At design operating conditions, the modified tandem rotor exhibited 
slightly  more  negative  reaction  than  the  original  tandem  blade. 
Rotor  exit  surveys of total   pressure,  flow angle, and temperature  were 
taken on both  turbines.  Data  from  the  exit  surveys  indicate  that  the major 
gains  in  performance of the  modified  tandem  blade  over  the  original  blade 
were  in  the  lower half of the  rotor  blade. 
1 
INTRODUCTION 
An investigation of concepts  to  increase  turbine  blade  loading  in a single- 
stage  turbine is described  in  reference 1. The  performance of one of the 
concepts, the tandem airfoil, is presented in reference 2. This concept ex- 
hibited  potentially  superior  performance  than  the  performance of a plain rotor 
blade designed to the same aerodynamic requirements. The design of the 
plain  rotor  blade is also  described  in  reference 1 and its performance is pre-  
sented in reference 3 .  
A program  to  explore  the  tandem  airfoil  more  fundamentally  was  con- 
ducted at the  Lewis  Research  Center  in a two-dimensional  cascade  tunnel. 
The  rotor  mean-line  airfoil  shape of reference 2 was  tested  in  the  cascade 
followed  by  testing of a modification  to  the aft blade of the  tandem  airfoil. 
The  purpose of the  modification  was  to  change  the  shape of the  channel  be- 
tween  the  fore and  aft  blades  from a long  channel of near  constant  width  to a 
short, highly convergent channel. The modified cascade airfoil exhibited a 
significant improvement in performance over the original airfoil shape. The 
resul ts  of this  program are described  in  detail  in  reference 4. 
In an  attempt  to  realize  similar  performance  gains, a modification  simi- 
lar  to  the  cascade  airfoil  was  incorporated  on  the  tandem  rotor  blade of re fer -  
ence 2. This modified tandem blade was  then  tested  over  the  same  range of 
equivalent speeds and expansion ratios as the original blade. This report pre- 
sents  the  performance of the  modified  tandem  blade  and a comparison of its 
performance  to  that of the  original  blade. 
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SYMBOLS 
E 
Ih 
N 
P 
u r  
V 
S O  
c 
specific  work output, Btu/lb 
mass  flow ra te ,   lb / sec  
rotational speed, rpm 
pressure,  psia 
blade  tangential  velocity,  ftlsec 
absolute gas velocity, ft/sec 
ratio of turbine  inlet  air  total  pressure  to  standard  sea 
adiabatic  efficiency  defined  as  the  ratio of turbine  specific 
w o r k  based on torque,  primary weight  flow,  and  speed measure-  
ments  to  ideal  work  based on inlet  total  temperature and  inlet 
and outlet  total  pressure  (both  defined  as  the  sum of s ta t ic   pres-  
sure  plus  pressure  corresponding  to  gas  velocity) 
adiabatic  efficiency  defined  as  the  ratio of turbine work  based 
on measured  inlet and exit  total  temperature  to  ideal work  
based on measured  inlet  total  temperature and pressure and 
measured  exit  total  pressure 
squared  ratio of critical  velocity  at  turbine  inlet  temperature  to 
critical  velocity  at  standard  sea  level  temperature 
T temperature, "R 
W relative  gas  velocity, f t l  sec  
Subscripts 
0 station  atstator  inlet  (all  stations  shown  iFigure 2) 
3 station at free-stream  conditions  between  stator  and  rotor 
5 station  atoutlet of rotor  just  downstream of trailing  edge 
3 
6 station  dow stream from turbine 
c r  conditions at Mach  number of unity 
st static condition 
T stagnation or total  conditions 
t tip  radius
X axi a1 
Superscripts 
* standard  condi ions 
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BLADE MODIFICATION 
The  analysis and  design of the  original  tandem  blade  to  which  the  modi- 
fication  was  made is described  in  detail  in  reference 1. The  overall  turbine 
design  point  equivalent  characteristics  are  presented  for  convenience: 
0 Equivalent  specific  work  output, E/o cr,  Btu/lb 20.0 
0 Equivalent  weight flow,. rh@ E / S o ,  lb/sec  45.51 
0 Equivalent  blade  tip  s eed, ( u r ) t / r ,   c r   f t / s e c  610.0 
The  design  velocity  diagrams are shown in Figure 1 and a schematic of 
the  turbine flow path  illustrating  the  measuring  station  nomenclature is shown 
in Figure 2. The turbine has 40 stator blades and 76 rotor blades. The radial 
clearance  between  the  blade  tips and the  turbine  casing is approximately 0. 030 
inch. 
The  blade  airfoil  modification was  performed  entirely  to  the  leading  edge 
portion of the  aft  airfoil.  The  modification  consisted of removal of metal 
from  the  aft  airfoil  to  alter  the  area  distribution  through  the  slot.  The  slot, 
as  originally  designed, had an area  distribution  which  varied  from a long, 
diverging  passage  at  the hub section  to  a  slightly  converging  passage  at  the 
tip section. The blade modification provided a short, highly convergent slot 
f rom hub to  tip.  Figure 3 shows  the  original  tandem  rotor  profiles and chan- 
nels with  the  shaded  portion  representing  the  material  removed  in  the  modifi- 
cation.  The  original  airfoil  also  included  a  bumper  at  the  tip  between  the  for- 
ward and aft  airfoils.  This  bumper  was  removed  during  the  blade  modification 
because of vibratory  stress  considerations. A photo of the modified and orig- 
inal  blades is shown  in  Figure 4. 
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APPARATUS, INSTRUMENTATION, AND 
CALCULATION PROCEDURE 
The apparatus, instrumentation, and method of calculating performance 
characteristics are the same as described in reference 2. Hot-wire survey 
data  were  not  taken at the rotor  exit  for  this test. The  test  was  conducted 
over a range of equivalent  speeds  from 70 percent  to 110 percent of design 
speed  in  increments of 10 percent. For each  speed  the  total-to-total  expan- 
sion  ratio  was  varied  from 1 . 4  to a value near limiting loading. Blade vibra- 
tory  stress  restricted  recording  data beyond  expansion  ratios of 1. 54 and 1 . 7 8  
at 70  and 90 percent speed, respectively. Rotor exit surveys of total  tem- 
perature,  pressure, and flow  angle  were  taken at design  equivalent  speed  and 
expansion  ratio. 
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COMPARISON OF PERFORMANCE OF MODIFIED BLADE WITH 
ORIGINAL BLADE 
OVERALL  PERFORMANCE 
The  overall  performance  map of the  turbine  with  the  modified  tandem 
blade is shown in Figure 5. The map presents the equivalent shaft work, 
E/Bcr, as a function of the  equivalent  flow-speed  parameter,  mNE/60&o, 
for  lines of constant total-to-total expansion ratio, PTOjPT6, and lines of 
constant equivalent speed, N W  Contours of total efficiency, qT, are 
also  included.  The  design  equivalent  work  and  speed are indicated  by  point 
A and  the  design  equivalent  work  and  flow-speed  parameter are shown  by 
point B. Comparison of these two points  indicates  that  the  flow  capacity at 
the  design  equivalent  work and speed  was 5. 5 percent  greater  than  design. 
The  overall  performance  map of the  tandem  blade is shown  in Figure 6 indi- 
cating  an  excess flow capacity of 4. 7 percent between points A and B. 
The  variation of equivalent  flow of the  modified  tandem  blade is shown 
in  Figure 7 as  a function of total-to-total  expansion  ratio and equivalent  speed. 
The flow characterist ic of the  original  blade  at  design  speed is also shown  for 
comparison. Both turbines  are choked at the  design  expansion  ratio of 2. 1. 
The  original  tandem  blade  turbine choked at an  equivalent  flow of 47. 7 lb/sec 
whereas  the  modified  tandem  blade  turbine  choked at a  value of 48. 0 lb/sec.  
An examination of the  static  pressure  variation  through  the  turbines  with 
overall  expansion  ratio at design  speed is shown  in  Figure 8. These  data  in 
combination  with  the  flow  characteristics of Figure 7 indicate  that  the  stator 
is choked for  both  turbines at the  design  expansion  ratio.  Therefore  the 0. 6 -  
percent  discrepancy  in  equivalent flow is probably  the  result of measurement 
inaccuracy. 
The  static  pressure  variation  through the turbines,  shown  in  Figure 8, is 
also  indicative of the  reaction  characteristics of the units. The modified blade 
is shown as the  solid line and the original blade as the  dashed  line.  The  data 
symbols have been omitted for clarity, The turbines exhibit very similar 
characteristics. The turbine with the modified blade exhibits a slightly  greater 
degree of negative  hub  reaction  than  the  original  blade  over a limited  range of 
total-to-total  expansion  ratio.  This  range  includes  the  design  value of expan- 
sion  ratio of 2. 10. The  rotor  hub  inlet and exit   static  pressure  ratios  for  the 
modified  blade a re  0. 34 and  0.403  compared  to  0.35  and  0.403  for  the  original 
design. The respective design point values are 0.36 and 0.41. 
The  efficiency  characteristics of the  modified  tandem  blade are shown  in 
Figure 9 as a function of expansion  ratio  with lines of constant  equivalent 
speed.  Also  included  are  the  efficiency  characteristics of the original blade. 
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The  modified  blade is shown as the  solid  line  and  the  original  blade as the 
dashed line. The data symbols have been omitted for clarity. The largest  
improvement of the  modified  tandem  blade  over  the  original  blade  occurs at 
100 and 110 percent  speed.  The  original  blade is better  in  performance  in 
the  region of low  expansion  ratios. At the  design  expansion  ratio of 2 .1  and 
design  speed,  the  modified  tandem  blade  turbine  exhibits an efficiency of 89.4 
percent  compared  with  87.6  percent  for  the  original  blade.  The  peak effi- 
ciency  for  the  modified  blade  turbine  was 92 percent  occurring at 110-percent 
design  speed  and  an  expansion  ratio of 2. 4. The  peak  efficiency of the  original 
blade  was  91.8  percent  occurring at 90 percent  speed at an  expansion  ratio of 
1.45. 
TURBINE ROTOR EXIT SURVEY 
Circumferential   traverses of a combination  total  pressure,  temperature, 
and yaw angle  probe  were  made at constant  radii  to  map  the flow characteris-  
t ics at the  rotor  trailing  edge.  These  surveys  yield  the  circumferential  vari- 
ation of temperature   ra t io   (TTo-TT~/TTo),   to ta l   pressure  ra t io ,   PTO/PT5,  
blade exit absolute flow angle, and local efficiency. From this survey, con- 
tour  maps  were  constructed of temperature  ratio,   pressure  ratio,  and effi- 
ciency. The contour map of pressure  ratio  in  Figure 10 shows evidence of 
the stator wakes. Areas of low turbine exit total pressure, P T ~ ,   a r e  shown 
as  high  values of pressure  ra t io  in the a r e a  of the  hub  and  tip.  Figure 11 
shows the contour map of temperature  ratio.  This  map  shows  the  changes  in 
work extraction from the air over the annulus sector surveyed, A core of 
high  work is located at the  mean  diameter  with  areas of lower  work  at  the hub 
and tip. The efficiency contour map is shown in Figure 12. This map shows 
the  result of the low work and  high  expansion  ratio at the  hub  and  tip by the low 
efficiencies found in  these  regions.  Efficiencies  in  excess of 96  percent  are 
located at midspan. By graphic  integration of the  traces of efficiency  at  con- 
stant radii, a plot of the  average  circumferential  efficiency at station 5 as a 
function of radius  was  constructed.  The  radial  variation of efficiency for both 
the original and modified tandem blade turbines is shown in Figure 13. The 
pr ime  area of improvement of the  modified  blade  was  in  the  lower  half of the 
annulus.  Some  loss  occurred  in  the  upper  span  but  there is an efficiency gain 
locally  in  the  tip  region.  This  possibly is a result  of the  removal of the  bumper 
between  the  fore and aft airfoils of the  modified  blade. 
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SUMMARY OF RESULTS 
The  overall  performance of a  single-stage  turbine with  a  modified  tandem 
rotor  blade  was  investigated  over  a  range of equivalent  speeds  and  expansion 
ratios.  The  rotor  blade  was  modified  from  a  previously  tested  tandem  rotor 
blade  in  an  attempt  to  improve  turbine  efficiency.  The  blade  modification was 
premised on two-dimensional  cascade tests and consisted of removing  metal 
from  the  leading  edge of the  aft  blade s o  that  the  passage  between  the two blades 
converged. The performance of the modified tandem blade is compared with 
the  performance of the  original  blade. Both turbines  were  tested with the same 
stator. 
1. The modified tandem blade turbine had higher efficiencies (from a 
fraction of a  point  to a s  much  as  three  points)  than  the  original  tandem 
blade  turbine at all  expansion  ratios  greater  than 1 . 9 2  for all speeds 
investigated. 
2. The  total-to-total  efficiency of the turbine with the modified tandem 
blade  was  89.4  percent  at  the  design  equivalent  speed and expansion 
ratio.  This is 1.8 points higher than the original tandem blade. 
3.  The equivalent flow characteristics of the modified and original tan- 
dem  blade  turbines  were  essentially  the  same. 
4. Both turbines had similar reaction characteristics. The modified 
tandem  blade  exhibited  slightly  more  negative  reaction  than  the 
original  tandem  blade  turbine  when  operated  at  design  equivalent 
speed and expansion ratio. Both turbines had a larger  degree of 
negative  reaction  than  the  design  value. 
5. The  static  pressures  at  the  rotor hub inlet and exit indicated negative 
reaction  at  design  equivalent  speed  for  expansion  ratios up to 2. 58. 
The  reaction  became  positive  at  higher  expansion  ratios. 
6. A survey  taken  at  the  rotor  trailing  edge  showed  the  modified  tandem 
blade  turbine  had  higher  efficiency  in  the  tip  region and the  lower 
half of the  blade  compared  to  the  original  tandem  blade.  There  was 
a  loss  in  efficiency  in  the  upper  portion of the  airfoil. 
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